Abstract: To investigate the genetic diversity and phylogenetic relationships between polyploid Leymus and related diploid species of the Triticeae tribe, inter-simple sequence repeats (ISSR) markers was used to analyze 41 Leymus accessions representing 22 species and 2 subspecies, together with Pseudoroegneria stipifolia (St), Psathyrostachys fragilis (Ns), Australopyrum retrofractum (W), Hordeum bogdanii, H. chilense (H) and Lophopyrum elongatum (E e ). A total of 376 clear and reproducible DNA fragments were amplified by 29 ISSR primers, among which 368 (97.87%) fragments were found to be polymorphic. 8-18 polymorphic bands were amplified by each polymorphic primer, with an average of 12.69 bands. The data of 376 ISSR bands were used to generate Nei's similarity coefficients and to construct a dendrogram by means of UPGMA. The similarity coefficients data suggested great genetic diversity in genus Leymus and related diploid Triticeae species, the genetic diversity among the different species more abundant than that of the different accessions. The dendrogram and principal coordinate analysis showed explicit interspecific relationships and demonstrated close phylogenetic relationships between Leymus species and Psathyrostachys.
Introduction
Leymus Hochst is an important polyploid perennial genus of the tribe Triticeae (Poaceae) and includes about 50 species and subspecies which are closely related with wheat, barley, cultivated rye and other Triticeae cereals. Phytogeographically, Leymus species are distributed in the temperate regions of Eurasia, North and South America, extending to the subtropic and the tropic alpine regions. Most species are found in the mountains of central Asia and North America (Tzvelev et al. 1976; Dewey 1984) . The natural habitats of Leymus species range from coastal to inland areas, including saline or alkaline lands, and dry or semidry areas. Many Leymus species are highly adaptable to cold, drought, and to saline or alkaline severe environment. Some Leymus species also bear other such desirable traits such as disease and insect resistance, bigger spikes than wheat, more grains than wheat. Many Leymus species provide genetic material for the improvement of forage and cereal crops and can be utilized as potential contributors to genes of cold hardiness, drought and salt tolerance, and disease resistance for cereal crops in Triticeae (Dewey 1984; Dong et al. 1992 ).
Since Hochstetter (1848) separated Leymus from the traditional Elymus L., with Leymus arenarius (L.) Hochst. as the type species, most taxonomists have accepted the circumscription of Leymus (Pilger 1954; Löve & Löve 1961; Keng 1965; Tzvelev 1976; Melderis 1980; Barkworth & Atkins 1984) , but some included Leymus in Elymus (Bowden 1964; Estes & Tyrl 1982) . Leymus was originally defined as a genomically allopolyploid genus with two distinct subgenomes Ns and Xm. Meiotic pairing data from interspecific and intergeneric hybrids (Dewey 1984; Wang 1994) and molecular studies (Jensen et al. 1997; Sha et al. 2008) had revealed that the Ns genome of Leymus was originated from Psathyrostachys. Despite decades of intensive efforts in cytogenetic and molecular biology researches, there are still uncertainties regarding the origin of the Xm genome of Leymus.
Molecular markers have proved to be an effective and valuable technique to evaluate genetic diversity and relationships within species or genera. Inter-simple sequence repeats (ISSR) has unique advantages over other molecular markers: it doesn't need any genomic information of the target species, which is extremely important in a preliminary investigation; it consumes small amount of template DNA and can be rapidly conducted, which is an efficient and rapid way in detecting genetic diversity of species (Semagn et al. 2006) . Previous studies have demonstrated that ISSR markers are appropriate for analyses on genetic diversity and phylogenetic relationship in Graminaceous crops, wheat (Vaillancourt et al. 2008) , rice (Reddy et al. 2009 ) and maize (Domenyuk et al. 2002) . AFLP, RAPD and RAMP markers were previously used to assess genetic diversity and interspecific relationships among Leymus species (Yang et al. 2006; Yang et al. 2008; Culumber et al. 2011; Yang et al. 2011) .
The objective of present study are: (1) to evaluate the efficiency of ISSR markers for discriminating the genetic diversity of Leymus species; (2) to examine the genetic diversity and interspecific or intraspecific relationships in Leymus; (3) to investigate intergeneric relationships among Leymus, Psathyrostachys, Lophopyrum, Pseudoroegneria, Hordeum and Australopyrum and explore the origins of the unknown Xm genome in Leymus.
Material and methods
A total of 47 accessions of Triticeae were used in this study, including 41 accessions of Leymus, which distributed in 22 species and 2 subspecies (NsXm); in addition, we used the relative diploid genera taxa such as Psathyrostachys fragilis (Ns), Pseudoroegneria stipifolia (St), Australopyrum retrofractum (W), Hordeum bogdanii, H. chilense (H)and Lophopyrum elongatum (E e ) representing five basic genomes to explore the origin of Ns and Xm genome in Leymus (Table 1). All seed materials were kindly provided by American National Plant Germplasm System (Pullman, Washington, USA) and Triticeae Research Institute of Sichuan Agriculture University. The plants and voucher specimens of all the materials have been deposited at the perennial nursery and Herbarium of the Triticeae Research Institute, Sichuan Agriculture University, China (SAUTI). Fresh young leaf tissues (3 g) were collected from 5-10 plants of each accession, frozen with liquid nitrogen and grinded into powder. Genomic DNA was extracted following a slightly modified CTAB (cetyltrimethylammonium bromide) protocol (Doyle & Doyle 1987) . DNA concentration was measured by comparing with BM 5000 DNA Marker (BM Biomed) using 1% agarose gel electrophoresis under UV light.
A total of 65 ISSR primers (UBC primer set no. 9, University of British Columbia, Canada) were tested to select those produced polymorphic DNA bands. According to the amplification efficiency and reproducibility of the band patterns, 29 ISSR primers were selected for further analysis. The final PCR volume was 25 µL and contained 1.5 µL template DNA at the concentration of 20 ng/µL, 12.5 µL 2 × Taq PCRMasterMiX (4 mM MgCl2, 0.4 mM dNTPs of each nucleotide, 0.05 units/µL Taq DNA polymerase), 10 µM primer 1.0 µL and 10.0 µL ddH2O. The amplification reactions were performed with an initial denaturing step at 94
• C for 5 min, followed by 35 cycles of 1 min denaturing at 94
• C, 1 min annealing at 50
• C, 2min extension at 72
• C , and a final extension step at 72
• C for 10 min on BIO-RAD S1000 TM Thermal cycler. Amplified products were separated on a 1.5% agarose gel through electrophoresis in 1 × TAE buffer (pH8.0) with BM 2000 DNA Marker (BM Biomed).
The agarose gels were photographed using Gel imaging system (BIO-RAD Gel Doc XR + Molecular Imager). The ISSR bands were treated as dominant markers, individual band was considered as a character and were scored as present (1) or absent (0) of the same size for each primer, then entered into a binary matrix representing the ISSR profile of each accession. The potential of ISSR markers for estimating genetic variability was examined by measuring the marker informativeness of polymorphic loci. The loci were counted as number of total amplified bands (TB), number of polymorphic bands (PB) and % of polymorphic bands (PPB). The raw data matrix was then used to calculate Nei's genetic similarity coefficients (GS) for measuring pairwise band similarities between individuals, GS = 2Nij /(Ni +Nj ), where Nij is the number of ISSR locus in common between accessions i and j, Ni and Nj are the total number locus generated by accessions i and j respectively (Nei & Li 1979) . Based on the 0/1 matrix, a cluster analysis was conducted based on Nei's similarity coefficients using unweighted pair group method with arithmetic average (UP-GMA) method with the SAHN module of NTSYS-pc 2.10e software package. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (10000 replicates) are shown next to the branches (Felsenstein 1985) . The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The principal coordinated analysis (PCA) was performed with the modules DCEN- Fig. 1 . ISSR polymorphism in parts of Leymus species amplified by primer UBC827. The accessions are described in Table 1 . M-2000 bp DNA Marker. Fig. 2 . UPGMA dendrogram of Nei's genetic similarity and percentage of bootstrap value (specified at selected dichotomous points) as determined related diploid Triticeae species.
TER and EIGEN implemented in NTSYS-pc, and the three principal coordinates were used to visualize the dispersion of accessions in a three-dimensional array of eigenvectors.
Results
Of the 65 primers tested, 29 primers were selected for further analysis, which are able to produce clear and stable amplified bands. These 29 primers produced 376 ISSR molecular fragments, among which 368 bands (97.87%) were polymorphic loci. Each primer amplified from 8 to 18 polymorphic bands, with an average of 12.97 loci, of which 12.69 were polymorphic loci. The highest (18 bands) was produced by UBC880 and the lowest (8 bands) was produced by UBC815, UBC824 and UBC828 (Table 2) (Fig. 1) .
All the 376 ISSR bands were used to calculate Nei's genetic similarity coefficients (GS) by multivariate analysis using a Simqual (similarity for qualitative data) program, which are measuring pairwise band similarities between individuals. The genetic similarity coefficients value varied from 0.460 to 0.864 with an average of 0.662 (Table 3) . It indicated that there was considerable ISSR variation among species of genus Leymus and Eurasian Leymus species might have the same geographical origins. Based on genome in situ hybridization (GISH) and chromosome pairing, previous study found that Hystrix duthiei had the same genome constitution (NsXm) as Leymus and combined it into Leymus (Zhang et al. 2006) . Both the present dendrogram and 3D-scatterplot showed that L. duthiei nested in the clade of Leymus and Psathyrostachys species. This indicated that L. duthiei is closely related to other Leymus species and is included in genus Leymus.
Meiotic pairing data from interspecific and intergeneric hybrids (Dewey 1984; Wang & Jensen 1994) and molecular studies (Svitashev et al. 1998; Hole et al. 1999; Bödvarsdóttir & Anamthawat-Jónsson 2003) had revealed that the Ns genome of Leymus (NsXm) was originated from Psathyrostachys. The Ns genome-specific RAPD markers were present in all the tested polyploid Leymus species, proving that the Ns genome in Leymus originated from the genus Psathyrostachys (Yang et al. 2011) . Psa. fragilis, L. alaicus ssp. karataviensis and the two accessions of L. qinghaicus grouped together directly in subgroup Ic, suggesting a closer relationship between them. This may be related to the geographic ranges of Psa. fragilis, which is restrictly distributed in regions of central Asia. Except for L. condensatus, 40 accessions of Leymus clustered with Psa. fragilis in group I, giving strong evidence that Psathyrostachys is the maternal donor (Ns genome) of Leymus species. Meanwhile, the 3D-scatterplot of PCA demonstrated that Psathyrostachys is clustered closely with Leymus species, which also definitely indicative of their close relationship.
The genome constitution of Leymus was assigned NsXm, genomes E b (Dewey 1984; Löve 1984) , E e (Sun et al. 1995) , Ns (Anamthawat-Jónsson & Bödvarsdóttir, 2001) and St (Shiotani 1968) have been suggested as Xm genome. The results of the genome specific RAPD data indicated that some species of Leymus had close phylogenetic relationships with the St, W and H genomes (Yang et al. 2011) . In the present study, Pseudoroegneria stipifolia, Hordeum bogdanii, H. chilense and Lophopyrum elongatum were clustered in Group III with no Leymus species, whereasAustralopyrum retrofractum was clustered in Group I. PCA demonstrated the coincident conclusion with the UPGMA cluster analysis. This could be infer that Xm genome of Leymus was related to the W genome of Australopyrum and it hypothesized that W genome might serve as the diploid donor of Xm genome in Leymus.
In addition, these results from present study also proved the ISSR marker to be powerful and reliable for discriminating genotype characterization of Leymus species. It can be an assisted method for molecular identification, assess genetic diversity and biosystematic relationships in Leymus.
